INTRODUCTION
Schizophrenia is a common and severe psychotic disorder (1, 2) , which presents a variety of symptoms, including hallucinations, delusions, reduced emotions, speech, interest and disorganization (3) . Schizophrenia has a median lifetime prevalence of 0.40% and a morbid risk of 0.72% (4) , with the typical age at onset of psychosis in adolescence or early adulthood (5) . All-cause mortality is elevated 2.6-fold in schizophrenic individuals (4) . Males show higher prevalence, severity and earlier age of onset (4) (5) (6) . Schizophrenia is very heterogeneous, and many biological mechanisms have been suggested, including hypotheses where the primary event is immune, inflammatory or infectious (7, 8) ).
Schizophrenia is highly heritable (estimated 80% (9) ). GWAS have shown the strongest association to be the xMHC region (6p21.32-p22.2), a genomic region of high linkage disequilibrium (LD) and numerous genes, which has not been further resolved by GWAS (10) (11) (12) (13) . Besides the xMHC † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. * To whom correspondence should be addressed at: 1001 University Place, Evanston, IL 60201, USA. Tel: +1 -2243647560; Fax: +1-2243647570; Email: alan.sanders.md@gmail.com region, GWAS have uncovered 10 other genome-wide significant individual common susceptibility loci associated with schizophrenia, and evidence for polygenes (10) (11) (12) (13) (14) (15) (16) (17) . Another strong GWAS finding is at MIR137 (microRNA 137) (13), a post-transcriptional mRNA regulator involved in neuronal development (18) (19) (20) ), suggesting that mechanisms affecting differential expression in schizophrenia may potentially affect many genes (in addition to the aforementioned heritable polygenic contributions, which are especially enriched in regulatory regions, e.g. 5
′ UTRs (21)). CNVs have also been implicated (22) . However, despite success in locus identification, our knowledge remains very tentative regarding the causative genomic sequences (individual genes or groups of genes, and their variants) and the specific biological mechanisms of schizophrenia. Since many schizophrenia GWAS hits lie outside of genes or are not in LD with obvious candidate polymorphisms likely to impact the gene structure or function such as missense SNPs (10) (11) (12) (13) , it seems likely that many variants influencing the risk are regulatory in nature, including possibly altering the level, location and timing of gene expression. Using data from HapMap LCLs, it has been shown that trait-associated SNPs are enriched for expression quantitative trait nucleotides (eQTNs), with neurological/psychiatric disorders showing similar enrichment levels to other complex traits (23) . Gene expression profiling may therefore be useful-either by itself or in conjunction with linkage and association analysis-for the identification of implicated genetic variants, genes and functional gene networks, and for revealing the specific underlying disease mechanisms (24) (25) (26) (27) (28) . Consequently, the functional dimension added by analysis of gene expression, e.g. upregulation or downregulation of genes or groups of genes in cases compared with controls, adds a layer of information that can be directly relevant to schizophrenia pathophysiology.
We sought to identify genes differentially expressed by affection status using whole-genome gene expression microarrays on LCLs from 413 schizophrenia cases and 446 controls of European ancestry (EA) (10,22,29 -31) . We considered three main factors in choosing to study expression in LCLs: biological validity (living cells, substantial overlap with brain expression), number/quality of available specimens, and magnitude of and control over confounding effects. LCLs present major advantages in areas of tractability, available sample size, reduced influence of state traits (including the 'environmental' conditions surrounding cells embedded within the whole organism), and our expectation that many (though not all) relevant transcriptional traits would not be brain specific and thus would be detectable in other tissues such as LCLs. Here, we report the findings from this LCL-based gene expression analysis of the largest schizophrenia sample analyzed for gene expression to date.
RESULTS
We selected 960 LCLs from the MGS case-control collection (10) , matching cases and controls based on 5-year age brackets. The cases typically present chronic, severe, unremitting schizophrenia (10) . Multiple epidemiological and laboratory parameters, such as viral load (Epstein-Barr virus, EBV, copy number), energy level (ATP levels adjusted for cell count) and growth rate (cell count at LCL harvest), which are known to have an effect on gene expression in LCLs (32), were similar in cases and controls, though more cases than controls were males (Table 1) . A rigorous set of quality control (QC), laboratory and analytical procedures were applied, with the overall study design and data processing steps presented in Figure 1 . We generated gene expression profiles (Illumina HT12v4 microarrays), and found all 960 LCL samples' transcriptional data to be of high quality. After QC and removal of biological and technical replicates, we retained 859 unique samples (446 controls and 413 cases) and 27 118 transcripts (probes), of which 14 588 transcripts (representing 9208 genes) were then selected for further analyses since they had detectable expression (detection P ≤ 0.05) in ≥80% of the RNA samples.
Differential expression analyses
We performed multiple linear regression analysis to identify transcripts that were differentially expressed between LCLs from schizophrenic cases and non-schizophrenic controls. To adjust for potential confounder effects, we selected 12 known or putative confounders [viral load, energy level, growth rate, sex, age, age 2 , the first five genotypic principal components (PCs), and microarray batch], i.e. variables likely contributing to variation in expression, for inclusion as nuisance parameters Unless otherwise indicated, the values are expressed as means, with 95% confidence intervals (CIs). Cell count at harvest reflects the growth rate directly since all samples were adjusted to 250 000 cells/ml at 24 h prior to harvest. EBV load is calculated by log 10 (2 2mfdCt ), and was higher for LCLs EBV-transformed in Australia. RNA quality indices (A260/A280, A260/A230, RNA integrity number, 28s/18s rRNA ratio, cRNA yield) were all indicative of high quality, and matched well by affection and site. The cases (overall mean age 42.3) were slightly younger (Student's t-test P ¼ 2 × 10 25 ) than the controls (mean age 45.7), and a larger proportion of cases were males (71%) than among controls (45%), reflecting the overall composition of the MGS sample, which in turn reflect the epidemiological trends of chronic, severe schizophrenia (4) (5) (6) . in the regression model. We then performed multiple regression analysis using these 12 measured covariates and affection status, and evaluated the relationship of affection status on each transcript's expression level.
To further guard against potential confounder effects, we first examined the samples (268 cases and 446 controls) transformed at Rutgers University Cell and DNA Repository (RUCDR), using highly standardized procedures. We found 95 transcripts, representing 89 genes, differentially expressed by affection status at FDR ≤0.05. See Supplementary Material, Table S1 for a full listing of regression results for these transcripts, and Supplementary Material, Figure S1 for a Manhattan plot of the full transcriptomic results. There was statistically significant enrichment for xMHC transcripts (versus transcripts located elsewhere in the genome) among the differentially expressed genes compared with all detected transcripts (Fisher's one-sided P ¼ 6.7 × 10
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). This is intriguing since the xMHC region harbors the strongest schizophrenia locus identified by GWAS. Other significant transcripts are located in genomic regions that have not yet been tied to schizophrenia risk, though this may change, e.g. as GWAS meta-analyses (13) enlarge further. In Table 2 , we list selected examples of the differentially expressed genes, with information on their potential relevance to schizophrenia based on their function and the literature. We highlight further in the discussion some of the more intriguing genes from the immune-related group (B3GNT2, DICER1) and others (MOXD1, DBNDD2, S100A10, SYT11).
Our total sample included an additional set of 145 case LCLs transformed in Australia (and shipped afterwards to RUCDR), for which we compared their expression profiles with the same 446 RUCDR controls, to check whether these results would support our prior findings in case -control analysis on RUCDR samples. Twenty-two of the 95 previously identified transcripts were also significant at FDR ≤0.05 in the analysis of the Australia-transformed cases. Of these 22 transcripts, 77% (17/22) displayed the same direction of effect (i.e. sign of regression coefficient). These 22 transcripts included four of the six previously implicated xMHC region transcripts and 18 non-xMHC transcripts, salient examples including S100A10, GBP4, MOXD1, BCL2L2 (Supplementary Material, Table S1 ). All remaining analyses refer to the primary comparisons of RUCDR cases versus RUCDR controls.
Enrichment analyses: categories, pathways and networks
We investigated whether the identified transcripts were enriched for various categories, such as brain-expressed or immune-related genes, both related to major pathophysiological hypotheses of schizophrenia. There was no enrichment of brain-expressed genes (77% of the 9208 analyzed genes were expressed in brain via ensembl.org, as were 76% of the 89 significant genes). However, there was an enrichment of immune-related genes (13% of the analyzed genes were immune-related, i.e. proteincoding gene function containing 'immune' from genecards.org, as were 22% of the 89 significant genes; Fisher's one-sided P ¼ 0.011). Despite the fact that we included sex as a covariate in our analyses, given the differences in sex distribution between cases and controls (Table 1) , we examined whether the 89 differentially expressed genes were enriched for chromosome X genes. This was not the case (4 of 89 were on chromosome X; P ¼ 0.32). Similarly, despite including EBV copy number as a covariate, we investigated whether the identified genes are enriched for the 160 genes whose expression levels were previously reported as being significantly associated with the EBV copy number (33) . Again, this was not the case (2 of 89 were EBV copy number associated genes, HIST1H2BD and FBXO32; P ¼ 0.24). The gene ontology (GO)-term enrichment and protein-protein interaction network analyses of FDR ≤0.05 differentially expressed genes revealed some connections within and contributions mainly from the differentially expressed histones. Using the DAVID tool (34), we found no GO-terms and no KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway terms enriched at FDR ≤0.05, consistent with schizophrenia's likely heterogenous pathophysiology. However, for the protein-protein interaction network analysis using DAPPLE (Disease Association Protein-Protein Link Evaluator) (35) , the gene list showed significantly higher network connectivity than expected, both direct (P ¼ 0.001) DBP This is a transcription factor involved in the regulation of some circadian rhythm genes, and has shown potentially relevant findings of interest: (i) reduced expression in fibroblasts from bipolar disorder subjects (it is downregulated in our case LCLs), (ii) induction in rat prefrontal cortex upon methamphetamine stimulation and (iii) is among the top findings in a combined sample GWAS for bipolar disorders.
(54,137-139)
DICER1
This gene is central in biogenesis of miRNAs. It is upregulated in the dorsolateral prefrontal cortex of schizophrenia cases (and in our case LCLs), and has important roles in normal central nervous system development and function, including that of dopaminergic neurons.
(86-92)
ELK1
This transcription factor has been reported as showing increased protein expression in the cerebellar vermis of schizophrenic subjects (also upregulated in case LCLs).
FAM69A
This is a member of a FAM69A-EVI-RPL5 gene cluster implicated in the autoimmune disorder multiple sclerosis by GWASs, and had some association support in the MGS EA GWAS.
(10,141-143)
GBP2, GBP4
These proinflammatory guanylate binding proteins (both upregulated in case LCLs) are induced by interferon and important for host defense against intracellular pathogens.
(144,145)
GLO1
This enzyme protects against glycation by catalyzing the conversion of reactive, acyclic alpha-oxoaldehydes. It has been previously implicated in autism and schizophrenia, and shown to be protective in a mouse model of Parkinson's disease.
(146-149)
HERC2
A homozygous missense mutation (Pro594Leu) in this gene is associated with a phenotypic triad of nonsyndromic intellectual disability, autism, and gait disturbance in three sibships.
(150)
HIST1H2BD, HIST1H2BC, HIST1H2BH, HIST1H2BG, HIST1H4K
These histones are all located in the xMHC region (which contains the most significant and best replicated GWAS association for schizophrenia). Histones have some antimicrobial activity especially lysine-rich histones, participate in the innate defense system of the human placenta particularly histone H2B (which is also found in the cytoplasm and in amniotic fluid), and there are previous reports of histone expression dysregulation in schizophrenia, Huntington's disease, and autism controls versus cases. 
IFITM3
Like GBP1 (not differentially expressed), IFITM3 was upregulated in schizophrenic brains including untreated cases (IFITM3 was upregulated in case LCLs).
(155,156)

MOXD1
This is a homolog of DBH (DBH is involved in the biosynthesis of norepinephrine from dopamine), and thus may be relevant for signal transduction. It is located within a previously reported schizophrenia linkage region at 6q23.2, and is the most upregulated transcript in our case LCLs. This gene is thought to be involved in the regulation of cell cycle progression and differentiation. It has been implicated in major depression (decreased expression in depressed humans and in animal models), suicide (decreased expression in peripheral blood of attempters and in prefrontal cortex of suicide completers), and bipolar disorder (increased expression in peripheral blood). It was downregulated in our case LCLs.
(108-111)
SGK1
This gene participates in the regulation of neuroexcitability, inflammation, cell proliferation and apoptosis.
(161)
SYT11
A genome-wide significant for association with Parkinson's Disease has been found. A functional 33 bp repeat polymorphism in its promoter region has been reported as nominally associated with schizophrenia in a small Japanese sample. Rat hippocampus studies suggest that it contributes to the regulation of neurotransmitter release in the excitatory and inhibitory presynapses, and to postsynapse-targeted membrane trafficking in dendrites.
(112-118)
VAMP4 and STX6 These are components of a protein complex involved in vesicle-membrane fusion and important for cell adhesion. STX6 has been implicated in a GWAS of the tauopathy progressive supranuclear palsy.
(162-164)
XBP1
This transcription factor is known to be a key regulator of MHC class II genes. It has a functional promoter variant reported as nominally associated in some studies on Asian samples, but not in other studies.
and indirect (P ¼ 0.001), though this was largely attributable to the network mostly containing histones.
eQTNs detection for top differentially expressed transcripts
To identify putative functional regulatory candidate variants influencing schizophrenia risk, we searched for cis-acting eQTNs of the differentially expressed transcripts by association analysis using PLINK. We used the existing GWAS SNP genotype data (Affymetrix 6.0, (10)) for the transcripts significantly differentially expressed between cases and controls at FDR ≤0.05 using a symmetrical window of size of 500 kb from the 5 ′ or of the 3 ′ end of the gene encoding for a given transcript. This resulted in 18 981 evaluated transcript -SNP pairs. Employing FDR ≤0.05 (since adjustment for genome-wide multiple testing is overly strict as we only investigated the genomic region around each gene), we found 1089 significant associations, representing 1004 different SNPs and 63 transcripts (Supplementary Material, Table S2 ). These SNPs are putative cis-acting regulators of their 63 transcripts with differential expression levels by schizophrenia affection status, and thus are potential functional regulatory candidate variants for influencing schizophrenia risk. We evaluated whether there was any overlap between this list of candidate SNPs (i.e. cis eQTNs of transcripts differentially expressed by schizophrenia status) and GWAS results from the same study (EA subjects from the MGS GWAS) (10), beyond the overall convergence of identifying the xMHC region. None of the candidate cis eQTNs showed significant or suggestive associations with schizophrenia in the MGS GWAS. This may be explained by the relatively small sample size (2681 EA cases and 2653 EA controls) of the MGS GWAS dataset (by standards of complex trait GWAS datasets), which did not by itself yield any genome-wide significant loci (10) .
DISCUSSION
Using an LCL-based model system to profile gene expression with microarrays in a large schizophrenia case-control sample, our main results are as follows: (i) we detected 95 transcripts (89 genes) differentially expressed by schizophrenia status from analyzing RUCDR-transformed LCL samples (Supplementary Material, Table S1 ), including genes at the xMHC region. The xMHC findings demonstrate convergence to previous GWAS, which have repeatedly identified the xMHC region as the most significant locus (10) (11) (12) , including the first round of the Psychiatric GWAS Consortium for schizophrenia (PGC-SZ1, (13)). We also detected many novel genes differentially expressed by affection status (Supplementary Material, Table S1, Table 2 , and below), and found an enrichment of immune-related genes. (ii) Analysis of the Australia-transformed case LCLs (versus the RUCDRtransformed controls) showed convergence of top findings, with 22 out of 95 transcripts remaining differentially expressed, including 4 of 6 xMHC transcripts and 18 other transcripts (e.g. transcripts for S100A10, GBP4, MOXD1, BCL2L2, see Supplementary Material, Table S1 ). (iii) Pathway and network analyses of differentially expressed genes were predominated by histones, but otherwise without any strongly supported pathway or network, consistent with a disorder noted to be highly multifactorial, heterogenous and polygenic. (iv) 1004 cis eQTNs (FDR ≤0.05, within 500 kb, restricted to autosomes) for 63 transcripts were found for the differentially expressed genes, providing potential functional regulatory variants.
Differential expression-histone transcripts
Some of the top differentially expressed transcripts detected were located in the xMHC region, offering new, technologically independent and convergent evidence for a susceptibility locus for schizophrenia in the xMHC, which contains the most significant and best replicated GWAS association for schizophrenia (10) (11) (12) (13) . There are several possible mechanisms for histones (which constituted all the xMHC region differentially expressed genes: HIST1H2BD, HIST1H2BC, HIST1H2BH, HIST1H2BG and HIST1H4K) influencing schizophrenia risk. Covalent histone modifications are relevant to the regulation of inflammation where the chromatin architecture confers specificity to the cell type and signal in the transcriptional control of inflammation (36) . Histones (and histone-derived peptides) also have antimicrobial activity, especially lysine-rich histones (reviewed in (37), including H1, H2A and H2B, the latter being the most commonly differentially expressed histone family in our study), and participate in the innate defense system of the human placenta (38), particularly histone H2B, which is also found in the cytoplasm and in amniotic fluid (39) (40) (41) and has a wide variety of roles (42) . The differentially expressed xMHC region histones were all down regulated in schizophrenia cases compared with controls (the regression coefficients ranged from 20.137 to 20.155), as were all other xMHC histones (i.e. also the ones not significantly differentially expressed), suggesting a pathophysiological hypothesis of altered immunity to infections in schizophrenia, but also arguably consistent with a histone-wide artifact (see caveats), though one that would have to differentially affect cases versus controls. Some (e.g. (43, 44) ) have suggested that some medications used in the treatment of schizophrenia might act at an epigenetic level, such as valproic acid (a histone deacetylase inhibitor) and clozapine (an atypical antipsychotic with DNA-demethylation activity), which were found to improve behavior in a mouse model (45) . Thus, perhaps some medications might partially correct an underlying histone abnormality, manifested at least in part by differential expression. It is also noteworthy that some other studies have found evidence for expression dysregulation of histones in schizophrenia (46), Huntington's disease (where the differences were found in both frontal cortex and blood prior to clinical symptoms) (47) and autism controls versus cases (48) .
Differential expression-immune-related transcripts
Provocative evidence suggesting an involvement of immune mechanisms in schizophrenia, for which LCLs would be a particularly appropriate model, includes the following observations: (i) a family history of autoimmune disease is associated with increased schizophrenia risk, and autoimmune disorders modify schizophrenia risk (49, 50) ; (ii) prospective birth cohort studies with serologically documented gestational infection and immune biomarkers show that specific infections increase the risk of schizophrenia in the offspring (7, 51) ; (iii) co-administration of antipsychotic and anti-inflammatory drugs augments the former's antipsychotic effect (52) and (iv) schizophrenia GWAS have shown the strongest association to be the xMHC region (10) (11) (12) (13) , which is associated with immune, inflammatory and infectious disorders (53) . Therefore, the involvement of primary or secondary pathogenic immune mechanisms in schizophrenia is supported by solid epidemiological data and initial genetic evidence. Interestingly, among mental disorders, there appears to be some specificity of these immune system links: (i) a genome-wide significant association at the xMHC region has not been found in GWAS of other psychiatric disorders, such as bipolar disorder (54), attempted suicide (55), attention deficit hyperactivity disorder (56), autism (57), smoking quantity (58-60) or alcohol dependence (61) (62) (63) , and (ii) the familial relationship of schizophrenia to a range of autoimmune diseases extends to non-affective psychosis but not to bipolar disorder (50) 
The lack of enrichment for brain-expressed genes and the enrichment of immune-related genes (P ¼ 0.011) in the 89 genes differentially expressed by schizophrenia status suggests that our overall results may be cell model dependent (brain versus immune cells), perhaps mostly detectable in cycling cells (e.g. LCLs). Cell cycle dynamics were altered in olfactory neurosphere-derived cells in samples from schizophrenia subjects (reduced cell cycle period) (76) , and such alterations in cell cycle dynamics at critical periods might affect neurogenesis and neural differentiation (77, 78) , Thus, as a complement to neural tissue studies (e.g. (76) , or upon neural cells differentiated from induced pluripotent stem cells (79), on smaller sized samples), LCLs might provide a useful model to dissect some aspects of cell cycle differences in schizophrenia cases versus controls. Some implicated genes suggest connections to known environmental susceptibilities for schizophrenia. Besides histones, many other differentially expressed genes (e.g. ST6GAL1, SDC1, CD27, CD68, CASP1, PSTPIP2, IRAK3, RIPK3, ZBP1, GBP2, GBP4, IFITM3, BCL2L2, BIK, PRKCD, B3GNT2, DICER1, CYBB and ELK1) have established and potential connections to infection and immune response ( Table 2 comments on some possible relationships to schizophrenia for selected genes), perhaps through altering susceptibility or response to various maternal infections known to increase schizophrenia risk in offspring (7), eventually leading to a psychotogenic response in the offspring.
We further highlight two especially interesting differentially expressed immune-related genes, B3GNT2 and DICER1. B3GNT2 is genome-wide significant for association with rheumatoid arthritis and less significantly associated with Graves' disease (P ¼ 3.5 × 10
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) in the Japanese population (80) . These are both autoimmune disorders, with Graves' disease enriched in schizophrenia cases and rheumatoid arthritis inversely associated with schizophrenia (49, (81) (82) (83) (84) . Mouse knockouts of B3GNT2 display decreased adenylyl cyclase 3 activity, decreased expression of many odorant receptors, and many axon growth and guidance errors (85) . DICER1 is a ribonuclease that is central in the biogenesis of microRNAs (miRNAs), short ( 22 nucleotides) noncoding RNAs; DICER1 is responsible for the processing (cleavage of the premiRNA hairpin structure) to form mature miRNAs. DICER1 has been reported as upregulated in the dorsolateral prefrontal cortex of schizophrenia cases (86, 87) , and is also upregulated in our schizophrenia cases (b ¼ 0.126). One genome-wide scan for de novo CNVs in sporadic schizophrenia found an isolated duplication including DICER1 in one case subject (88) . DICER1 plays important roles in normal central nervous system development and function including that of dopaminergic neurons (e.g. (89-92) ), and miRNAs are known to be important in both neuronal function and dysfunction (e.g. see reviews (93) (94) (95) ), especially MIR137 in schizophrenia (13, 96) . A candidate gene study of miRNA biogenesis genes found nominally significant (P ¼ 0.006) association with a DICER1 SNP (rs3742330, located in the 3 ′ UTR) in Chinese samples (252 schizophrenia cases and 252 controls) (97) . While prefrontal cortex DICER1 expression increases over the lifespan, especially from young adulthood onwards (98), age is unlikely to explain our findings (both since we use age as a covariate and our schizophrenia cases are slightly younger than our controls, Table 1 ).
Differential expression-transcripts previously reported in psychosis or putatively relevant to schizophrenia pathophysiology
The differentially expressed genes also suggest involvement of various other putative mechanisms such as gene regulation, cell cycle progression, differentiation, apoptosis, miRNA processing and signal transduction. Some of these genes have been previously suggested to be involved in schizophrenia and/or in disorders presenting some symptomatic convergence with schizophrenia, or have known functions plausibly connected to its hypothesized pathophysiology. Again, Table 2 comments on some possible relationships to schizophrenia for selected genes, several of which (MOXD1, DBNDD2, S100A10 and SYT11) we further highlight here. (i) The differentially expressed MOXD1 is located within a previously reported schizophrenia linkage region at 6q23.2 (99-101), and has previously been suggested to be involved in schizophrenia. SNPs in the nearby TAAR6, while not at MOXD1 (but possibly involved in regulation of MOXD1), have been reported as associated in some (102 -104) but not in other studies (e.g. (30)). MOXD1 (the most upregulated transcript in our case LCLs, b ¼ 0.214) is a homolog of DBH, which is involved in the biosynthesis of norepinephrine from dopamine (105) , and thus may be relevant for signal transduction. (ii) DBNDD2 (dysbindin domain containing 2) mediates neural differentiation and apoptosis (106) , and dysbindin itself has long been of interest in schizophrenia, e.g. (107) . (iii) S100A10 is thought to be involved in the regulation of cell cycle progression and differentiation, and has been implicated in major depression (decreased expression in depressed humans and in animal models) (108, 109) , suicide (decreased expression in peripheral blood of attempters, and in prefrontal cortex of suicide completers) (110) and bipolar disorder (increased expression in peripheral blood) (111) . We find decreased expression (b ¼ 20.166) of S100A10 in case LCLs. (iv) SYT11 is genome-wide significant for association with Parkinson's disease (112) (113) (114) (115) , and a functional 33-bp repeat polymorphism in its promoter region has been reported as nominally associated with schizophrenia in a small Japanese sample (116, 117) . Studies of rat hippocampus suggest that SYT11 contributes to the regulation of neurotransmitter release in the excitatory and inhibitory presynapses, and to postsynapsetargeted membrane trafficking in dendrites (118) .
Potential caveats and limitations
We have chosen a cellular model of LCLs for its numerous advantages (living cells, available sample size, quality of available specimens, tractability and reduced environmental influence), coupled with substantial overlap of genes also expressed in the brain. Nevertheless, not all brain-expressed genes are expressed in LCLs, and our experiment is blind to those transcripts. We assessed the matching of our cases and controls on various parameters (Table 1) , with the sex ratio being the least-matched parameter (largely reflecting the epidemiology of schizophrenia). Various known and suspected confounders may influence gene expression, and while we have carefully measured and included them (viral load, energy level, growth rate, sex, age, age 2 , the first five genotypic PCs and microarray batch) as nuisance covariates in the regression analysis, some confounding may still remain. However, our lack of detected enrichment for transcripts related to various confounders (e.g. sex chromosome transcripts and viral load associated transcripts) may reflect at least partial success at adjusting for such confounders. Since LCL transformation sites/protocols may differ somewhat and this was not amenable to inclusion as a covariate, we used the RUCDR-transformed case and control LCLs as the primary analysis, with the Australia-transformed case LCLs incorporated into a secondary analysis that was found to be supportive (Supplementary Material, Table S1 ).
While it is possible that the differentially expressed xMHC region histones are relevant to schizophrenia, they are at heightened risk (compared with other differentially expressed genes) for representing a technical artifact for various reasons. (i) Histone expression varies across the cell cycle (119), though we note that the studied LCLs were not synchronized in their cell cycle, but rather represented a mixture of cells in all the various cell cycle stages, blunting (or eliminating) such cell cycle stage-specific expression differences. (ii) The sequence similarity within the histone gene family may decrease the specificity of the sequence-based array assay. However, bioinformatic analyses (clustalw; data not shown) showed that the differentially expressed xMHC histone probes had indistinguishable alignment scores compared with randomly matched and equally sized (50 bp) non-histone probes, and were thus not obviously explained by sequence similarity. (iii) Our amplification method (i.e. reverse transcription with an oligo-dT primer) limits our detection of histone mRNAs to those that have poly(A) tails ('variant', or replication-independent histone mRNAs) (120); our method did not measure levels of the much more common 'canonical' stem-loop histone mRNAs (which are replication-dependent, i.e. highly expressed in S-phase) (121) . Thus, the differential expression finding for histones relies on the small percentage with poly(A) tails (e.g. estimated to be ,5% for H2A histones (120)), adding another cautionary note.
Using expression profiling as a tool for identifying genes involved in the pathogenesis of a trait of interest is in some ways a more complicated approach than linkage or association analysis, which are based on the genotypes. In contrast to genotypes, gene expression varies between tissues/cell types, is not constant during the lifetime and is influenced by myriad environmental factors and their impact on the condition of the body/ tissue in which a given cell resides. In an expression profiling study, directionality of effect is conceptually uncertain, in contrast to linkage/association studies where it is generally clear that the genotype drives the phenotype. Also, confounder variables can have substantial impact, and lead to both false-negative and false-positive findings if not accounted for, which again is in contrast to genotype-based gene mapping approaches, where proper matching based on allele frequencies (i.e. ancestry) ensures proper statistical behavior, and where matching for other factors (such as sex or age) is often not necessary. To deal with these conceptual and important concerns, we have sought to match cases and controls as much as was practical, standardized our laboratory procedures, measured known and suspected confounders as part of our experiment and included them as nuisance parameters in our regression models, and focused on LCLs from a single transformation site/repository (RUCDR). Nonetheless, we cannot be 100% certain that all critical confounders have been accounted for, and each covariate that is either included in the model or not can have some influence on the set of genes whose expression is found to vary significantly between cases and controls. We have sought to gain confidence in our results by investigating the resulting gene lists in various ways, including evaluating whether there might be a logical connection (based on our present knowledge) between these genes and schizophrenia. We also compared the identified genes, and their eQTNs, with GWAS results, but we did not observe a robust overlap between both the approaches (i.e. congruence of differential expression with eQTN and MGS EA GWAS alleles). This lack of overlap should not, however, be interpreted to mean that our differential expression findings are false. There are many potential reasons for the lack of consistency in findings: (i) it is possible that the identified genes act downstream of schizophrenia (i.e. they are not involved in disease etiology, but rather in pathophysiology). We used LCLs, which are presumably fairly removed from state aspects of the individual (and their environmental exposures) from which the cell lines were derived, which casts some doubt on this possibility. (ii) It is possible that rare variation is responsible for the differing expression level, which therefore could have led to these genes not having been identified in the GWAS, while the quantified transcript levels constitute a genebased read-out of all variants influencing a gene's expression level, regardless of the frequency. (iii) The sample sizes of our MGS expression dataset and the MGS GWAS dataset are of a limited size, and lack of power and statistical randomness can thus have a large impact. Ultimately, the future will tell whether the identified connections between schizophrenia and genes differentially expressed by schizophrenia status here are real. The present paper provides an impetus to investigate these hypotheses more deeply using different approaches.
Conclusion
Our main findings of genes differentially expressed by schizophrenia status implicate numerous genes of potential relevance to the illness (Table 2) , including histones at the xMHC region showing convergence to the previous GWAS (10-13), a significant enrichment of immune-related genes supportive of immune hypotheses of schizophrenia, and many novel genes. The lack of supported gene pathways for the differentially expressed genes is consistent with heterogeneity of pathophysiology for schizophrenia. We note that many of the statistically significant differentially expressed genes (Supplementary Material, Table S1 ) cannot be individually connected with any of the current pathophysiological hypotheses of the disease either. While these observations might be explained by the fact that our knowledge of the pathophysiology of schizophrenia is still tentative and incomplete, we cannot rule out that our results present a higher rate of false positives than expected. Future work will be aimed at replication efforts in independent samples (including a second MGS sample to have transcription profiling via RNAseq), as well as further integration beyond transcriptomics and GWAS, such as joint analyses with future deep resequencing data. Replicated differentially expressed genes may provide insight into the pathophysiology of schizophrenia, potentially along with novel therapeutic targets.
MATERIALS AND METHODS
Subjects
The MGS sample is the most accessed National Institute of Mental Health (NIMH) GWAS database of Genotypes and Phenotypes (dbGaP, www.ncbi.nlm.nih.gov/gap) sample-467 investigator accessions as of October 2012 (294 for GAIN phs000021; 173 for nonGAIN phs000167). The collection is comprised of cases with well-characterized DSM-IV (3) schizophrenia or schizoaffective disorder, and controls screened for psychosis; for further phenotypic details, see the Supplementary Material, Text S1 and (10). We obtained the top five EA PCs (i.e. reflecting population ancestry) that were previously computed on SNP genotypes (Affymetrix 6.0) from our GWAS (10), which is found in two dbGaP entries (phs000021.v3.p2 and phs000167.v1.p1). We selected 446 case and 457 control samples from the available EA MGS participants with LCLs and GWAS data for the current study, meeting our LCL criteria (see below). We excluded from further consideration 3 samples EBV-transformed at Coriell Cell Repositories (appropriate statistical adjustment for such a small number is difficult), 26 samples with outlier sex transcript abundances (using probes for XIST, RPS4Y1, and EIF1AY) for reported sex and 15 samples without EBV copy number data in order to have full covariate data on all analyzed samples, leaving 413 cases and 446 controls for analysis (described in Table 1 ). We obtained institutional review board approval from NorthShore University HealthSystem and at the University of Texas Health Science Center at San Antonio (which also covers the Texas Biomedical Research Institute).
LCLs
We studied EBV-transformed (but not immortalized (122)) LCLs, which were all early stage (few cell divisions, or population doubling levels, since transformation, very far from progressing to 'immortalization'). We measured the EBV copy number (EBV load) using a Taqman quantitative real time PCR (qPCR) assay (88, 123, 124) on DNA isolated from the LCLs. We excluded from consideration any LCLs known to be slowly growing (as indirectly indexed by over 100 days repository time to establish the LCL sufficiently to create adequate frozen stocks). We also excluded LCLs that displayed extreme clonality, i.e. pauciclonal or monoclonal, based on low heterozygosity (≤0.5) as determined by us using an immunoglobulin-based assay (125) . We obtained the frozen LCLs from RUCDR, and after reviving the frozen LCLs per the repository guidelines we grew them in RPMI 1640 media, 15% 25% fetal bovine serum (FBS, single lot, as was media to minimize variation), without antibiotics, at 37.08C and 5% CO 2 (both continuously monitored). We grew LCLs in batches of 40, with cases and controls intermixed, and included a culture replicate (same reference LCL, cultured de novo in each growing batch). On Day 7, we plated the LCLs at a concentration of 250 000 cells/ml, grew for 24 h, and then harvested. Harvest procedures included counting cells with an automated cell counter, using a luminescent cell viability assay for ATP levels, and placement into RNA protect preservative and 2808C for storage, all according to manufacturers' protocols, along with pelleting remaining cells for DNA extraction. Further details and values for these various measures are provided in the Supplementary Material, Text S1.
RNA
When large quantities of samples ( 500) are accumulated, we isolated total RNA with RNeasy96, ensured adequate yield and spectrophotometric ratios (A 260 /A 280 ≥ 1.8 and A 260 /A 230 ≥ 1.8), plated the samples (alternating case and control, inclusion of culture replicate as well as an RNA technical replicate) and shipped overnight on dry ice to the Biomedical Genomics Center, BGMC, of the University of Minnesota, which also evaluated the RNA samples with an Agilent bioanalyzer (ensuring an RNA integrity number ≥7.0 and a 28s/18s rRNA ratio ≥1.5). The BGMC performed the amplification/labeling (using the Eberwine T7 method (126), i.e. reverse transcription with an oligo-dT primer) and hybridization/scanning of these samples following manufacturers' protocols in two large continuous periods with the same personnel and single manufacturing batches of Ambion TotalPrep RNA labeling reagents and Illumina HT-12v4 BeadChips to minimize variation. The BGMC then returned the raw data (.idat) files, the loaded project files for viewing in Illumina software, and the non-normalized flat files (.txt) of expression values. The current project was completed with two equally sized groups (batches) of five 96-well plates each, with alternating case and control samples, one RNA technical replicate per plate and one culture replicate for each growing batch.
Data processing
We thus obtained expression profiles for 960 samples in two batches for 47 231 transcripts (assayed by 50 bp probes) using the Illumina HT-12v4 microarrays. We identified transcripts with significant expression at FDR ≤0.05 in both batches using a binomial test, counting the number of successful and unsuccessful detections (using Illumina's 'detection P-value' of ≤0.05 as the cut-off value) for each probe and computing a one-sided P-value (for a binomial test) before calculating the FDR across all probes. In our sample, this corresponded to removing any transcript significantly expressed (at P ≤ 0.05) in fewer than 62 of the 960 samples. We applied the Benjamini-Hochberg procedure (127) to generate the aforementioned FDR values, and chose FDR ≤0.05 to control the expected proportion of false positives at an 5% level. A total of 27 118 transcripts ( 57% of the 47 231 array probes) were significantly expressed at FDR ≤0.05. We removed all biological and technical replicate samples and only kept unrelated samples with full covariate data (413 cases and 446 controls) for analysis. Data quality, based on the average signal intensities, background noise levels, number of probes with significant signal and average correlation with other samples across expression levels, was excellent. The average correlation for the raw expression values across all significantly detected probes between 10 technical replicates, 22 culture replicates and all unrelated samples was in the expected order (0.99, 0.98 and 0.97, respectively). There was no evidence that any samples were of questionable quality. We examined [Partek and Lumi (R package) (128) ] completion by RNA sample and probe to identify array outliers; this did not necessitate any sample or transcript exclusion. After removing the unexpressed transcripts, we performed a background noise subtraction. To avoid negative expression values, we shifted the expression of each batch by a constant value to shift the lowest value to 1, and then log 2 transformed and quantile normalized each batch separately. We combined the batches and performed another quantile normalization. Finally, prior to further analyses, we performed a rank-based inverse normalization within each probe across samples.
Differential expression analyses
We used a multivariate linear regression analysis to relate gene expression to schizophrenia affection status, using the affection status along with various confounders as independent linear predictors of each transcript's expression level. We aimed to minimize the influence of potential confounders, which could either reduce the power to detect true differential expression by affection status and/or lead to false positives by incorporating 12 measured and suspected/known potential confounders as covariates in the analysis of differential expression: sex, age (at sample collection), age 2 , the top five genotypic PCs tagging ancestry (129) (previously derived from our MGS GWAS (10)), LCL energy status (ATP levels), growth rate of LCLs, LCL viral load (EBV copy number) and array batch, i.e. parameters known or strongly suspected to influence some transcripts' expression (e.g. as in (32) ). To evaluate for differential expression by affection status, we performed a one-step linear regression analysis, including affection status and the 12 measured covariates to identify transcripts differently expressed by affection status (schizophrenia case versus control). We applied the BenjaminiHochberg procedure (127) to perform multiple testing correction for all 14 588 transcripts detectable in ≥80% of the RNA samples, choosing FDR ≤0.05 to control the expected proportion of false positives at an 5% level for the differential expression analyses.
eQTNs
We took the 95 transcripts identified as significantly differentially expressed between cases and controls at FDR ≤0.05 in the RUCDR case-control analysis, and removed the transcripts on chromosomes X (6) and Y (0) to focus on autosomes (in mixed sex sample), two NCBI-withdrawn transcripts and nine transcripts with probes containing SNPs with MAF ≥1% in the CEU portion of 1000 genomes data. This left 78 transcripts (encoding for 75 genes). For this set of transcripts, we searched for putative cis-acting eQTNs (within 500 kb of the 5 ′ or of the 3 ′ end of, or within, the transcript) by association analysis using PLINK using the existing GWAS SNP genotype data (Affymetrix 6.0, (10) ). This cis eQTNs search by association analysis used the expression data from the RUCDR-transformed sample (268 cases and 446 controls) after all processing described above, including a rank-based normalization step, and subsequent application of PLINK to perform the association analyses. We used a relatively wide 500 kb radius in both directions from a gene to detect putative cis eQTNs, given the fact that several genes are located in the extended MHC region with its extended LD structure. We focused our eQTN search on the putative cis interval around each gene, because it has been established well by many investigators, including ourselves (130) , that proximal variants, presumed to act in cis, are very common (perhaps universal across genes) and often have a larger effect size than distal variants, presumed to act in trans. We applied the Benjamini-Hochberg procedure (127) to generate FDR values for eQTNs, choosing FDR ≤0.05 to control the expected proportion of false positives at an 5% level (since adjustment for genome-wide multiple testing, e.g. P ¼ 5 × 10
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, is overly strict as we only investigated the genomic region around each gene).
Pathway and network analyses
We submitted our list of 89 genes differentially expressed (FDR ≤0.05) by affection to pathway and network analyses (34, 35) . We used DAPPLE (35) to evaluate the network connectivity of the gene list. DAPPLE identifies significant physical connectivity in direct and indirect interaction networks involving proteins encoded for input genes. It assesses the statistical significance of network connectivity and individual protein connectivity to other input proteins using a within-degree node-label permutation method. DAPPLE is based on the InWeb database that contains 428 430 reported protein interactions from multiple sources, including MINT, BIND, IntAct, KEGG annotated proteinprotein interactions (PPrel), KEGG Enzymes involved in neighboring steps (ECrel) and Reactome. For input genes in the same direct network identified by DAPPLE, we then performed GO-term enrichment analysis and KEGG pathway analysis with the DAVID tool (34) . We also performed GO-term and KEGG pathway enrichment analyses with DAVID for all the differentially expressed genes (i.e. not limited to those in a network as identified by DAPPLE). To explore whether the genes in schizophrenia risk CNV regions (1q21.1, 2p16.3, 15q13.3, 16p11.2, 22q11.21) might connect to the network generated by the differentially expressed transcripts in this study, we added the gene lists from these CNVs to the list of 89 genes differentially expressed in an additional DAPPLE analysis.
Data sharing
For the results of primary analyses, including cis eQTNs, we are sharing the data by depositing it into dbGaP and GEO (Gene Expression Omnibus, www.ncbi.nlm.nih.gov/geo). GWAS and phenotypic data for all subjects have already been deposited into dbGaP, and LCLs (and phenotypic data) are available through the NIMH repository (www.nimhgenetics.org) contractors (rucdr.rutgers.edu and zork.wustl.edu, respectively).
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
